Tyrosine trans-phosphorylation is a key event in receptor tyrosine kinase signaling, yet, the structural basis for this process has eluded definition. Here, we present the crystal structure of the FGF receptor 2 kinases caught in the act of trans-phosphorylation of Y769, the major C-terminal phosphorylation site. The structure reveals that enzyme-and substrate-acting kinases engage each other through elaborate and specific interactions not only in the immediate vicinity of Y769 and the enzyme active site, but also in regions that are as much of 18 Å away from D626, the catalytic base in the enzyme active site. These interactions lead to an unprecedented level of specificity and precision during the trans-phosphorylation on Y769. Time-resolved mass spectrometry analysis supports the observed mechanism of trans-phosphorylation. Our data provide a molecular framework for understanding the mechanism of action of Kallmann syndrome mutations and the order of trans-phosphorylation reactions in FGFRs. We propose that the salient mechanistic features of Y769 transphosphorylation are applicable to trans-phosphorylation of the equivalent major phosphorylation sites in many other RTKs.
S
ignaling by receptor tyrosine kinases (RTKs) plays ubiquitous roles throughout the human life cycle commencing at germ cell maturation and continuing throughout embryogenesis into adulthood (1) . Ligand binding to the extracellular region of RTKs triggers activation of the intracellular tyrosine kinase domain through the universal process of trans-phosphorylation, whereby one kinase acts as a substrate for another one. Trans-phosphorylation has two major roles in RTK signaling: trans-phosphorylation on A-loop tyrosines elevates enzyme activity while trans-phosphorylation of juxtamembrane and C-terminal tyrosines generate platforms for recruitment and phosphorylation of target substrates (2) (3) (4) (5) (6) .
Structural studies of tyrosine kinase domains have been instrumental in shaping our current understanding of the mechanisms of tyrosine kinase regulation. Crystal structures of unphosphorylated tyrosine kinase domains have unveiled diverse tactics used by kinases to achieve self-inhibition (7) (8) (9) (10) . The crystal structures of phosphorylated kinases, however, reveal how tyrosine phosphorylation stabilizes the active conformation of the kinase, and how peptide substrates dock into the enzyme active site (7, (11) (12) (13) . In contrast, the structural basis for tyrosine trans-phosphorylation has remained elusive. Here, we report the crystal structure of a phosphorylated FGF receptor 2 (FGFR2) kinase domain, which provides the first crystallographic snapshot of trans-phosphorylation in action. Our structural data supported by biochemical data show that trans-phosphorylation proceeds with a much higher degree of specificity than that currently perceived based on the crystal structures of kinases in complexes with short peptide substrates.
Results and Discussion
We recently reported the crystal structure of the A-loop phosphorylated FGFR2 kinase domain comprising residues P458 to Q778 (FGFR2K 458 -778 ) in complex with AMP-PCP and a 15-residue FGFR2-derived substrate peptide representing Y769, the major phosphorylation site at the C-tail of FGFR2 (PDB entry 2PVF, referred to as the ''kinase-peptide'' structure hereafter) (7) . Diffraction analysis of a morphologically similar crystal of the same complex grown at slightly higher PEG concentrations showed that it differed from the kinase-peptide structure in the b-axis dimension. The structure of this new crystal form was solved using the kinase-peptide structure as the search model, and has been refined to 2.0 Å resolution (supporting information (SI) Table S1 ). This new crystal structure, deposited in the RCSB Protein Data Bank under PDB ID 3CLY, contains one kinase molecule in the asymmetric unit consisting of residues L468 to L772, one AMP-PCP molecule, 2 Mg 2ϩ ions, and 107 water molecules (Fig. S1 ). Superimposition of this new crystal structure onto the kinase-peptide structure, and the crystal structure of unphosphorylated FGFR2 kinase domain comprising residues P458 to E768 (FGFR2K 458 -768 ) (PDB entry 2PSQ) (7) shows that the new kinase structure has assumed an active conformation (Figs. S1 and S2) . Surprisingly, however, the new kinase structure lacks the substrate peptide.
Inspection of the packing of the kinase molecules in the new crystal structure reveals that the lack of substrate peptide is because the kinase molecules are engaged in enzyme-substrate relationship ( Fig. 1A; we shall refer to this new structure as the ''transphosphorylating kinases'' structure hereafter). Specifically, the Y769 from one kinase (referred to as the "substrate-acting kinase" hereafter) docks into the active site of the other kinase (referred to as the "enzyme-acting kinase" thereafter), occupying a similar position as Y769 (P0) of the peptide substrate in the kinase-peptide structure (Fig. 1B , also compare Fig. 2 A and B) . Reminiscent of the kinase-peptide structure, D626, the catalytic base of the enzymeacting kinase in the trans-phosphorylating kinases structure, is ready to abstract a proton from Y769 of the substrate-acting kinase (Fig. 1C , also compare Fig. 2 A and B) . In the trans-phosphorylating kinases structure, the enzyme-acting kinase interacts with residues T765 (P-4) through L772 (Pϩ3) of the substrate-acting kinase ( Fig.  2 A and C) whereas in the kinase-peptide structure, besides Y769 (P0), only L770 (Pϩ1) of the substrate peptide is involved in enzyme-substrate recognition (Fig. 2B) . Moreover, in the transphosphorylating kinases structure, the enzyme-acting kinase interacts with other regions in the C-lobe of the substrate-acting kinase remote from Y769 (Figs. 1D and 2D ). These extensive interactions between the enzyme-and substrate-acting kinases apparently compete with the binding of the substrate peptide into the active site, accounting for the lack of substrate in the structure.
Enzyme-Substrate Interface. Our trans-phosphorylating kinases structure reveals an unprecedented level of specificity during the trans-phosphorylation on Y769. The enzyme-substrate relationship between the two FGFR2 kinases in the trans-phosphorylating kinases structure is achieved by contacts between the bottom corner of the C-lobe of the substrate-acting kinase and the front side of the enzyme-acting kinase (Fig. 1 A) . A total of 1,852.57 Å 2 surface area is buried between the enzyme-and substrate-acting kinases, of which ϳ70% is with the C-lobe of the enzyme-acting kinase and 30% with the N-lobe of the enzyme-acting kinase. The enzymesubstrate interface has a shape complementarity of 0.724 and a hydrophobic/polar fraction of 50%, values consistent with a physiological interface (14, 15) . Specifically, the ␣H and ␣E helices from the substrate-acting kinase lean via their N termini tips against the N-lobe of the enzyme-acting kinase (Figs. 1D and 2D) , accounting for the closer disposition of the kinase lobes in the transphosphorylating kinases structure relative to that observed in the kinase-peptide structure (Fig. S1C) . The ␣I helix of the substrateacting kinase descends in near parallel fashion via its C-terminal tip onto the N-terminal tip of the ␣G helix of the enzyme-acting kinase ( Fig. 1C and 2 A) . This near parallel arrangement of the ␣I helix from the substrate-acting kinase and ␣G helix from the enzymeacting kinase brings about close contacts between the negative pole of the ␣I helix and the positive pole of the ␣G helix and optimally presents residues following the ␣I helix including the phosphorylation site Y769 into the active site.
In the kinase-peptide structure, the ␣I helix terminates at residue T765 and the following residues are disordered. In the transphosphorylating kinases structure, however, the ␣I helix is elongated by one helical turn incorporating residues T765, N766 and E767 into the ␣I helix (Fig. S1B) . Moreover, residues E768 to L772 after the ␣I helix are ordered as well (Fig. S1B) . These restructur- ings are clearly due to the key role this region plays in enzyme binding. Residues N-terminal to Y769 (P0) make numerous contacts with the enzyme-acting kinase, none of which are seen in the kinase-peptide structure (compare Fig. 2 A and B) . The most prominent contact is the salt bridge between E767 (P-2), the last residue of the ␣I helix, and R573 of the enzyme-acting kinase (Fig.  2 A) . R573 is located in the ␣D helix and has not been previously implicated in substrate recognition. Also at the negative pole of the ␣I helix dipole, the backbone carbonyl oxygens of T765 (P-4) and N766 (P-3), and the side chain of N766 make hydrogen bonds with residues at the positive pole of the ␣G helix of the enzyme-acting kinase (Fig. 2 A) . Notably, the loop leading to the ␣G helix and the N-terminal end of the ␣G helix are two regions in the C-lobe, which deviate structurally from those in the kinase-peptide structure (Fig.  S1E ). In the kinase-peptide structure, this region has high temperature factors consistent with the presence of fewer contacts between the peptide substrate and this region.
In the trans-phosphorylating kinases structure, contacts between residues following Y769 (P0) of the substrate-acting kinase and the enzyme-acting kinase are also more extensive than those observed in the kinase-peptide structure. In the trans-phosphorylating kinases structure, residues L770 (Pϩ1), D771 (Pϩ2) and L772 (Pϩ3) of the substrate-acting kinase participate in enzyme binding whereas in the kinase-peptide structure only the Pϩ1 residue of peptide substrate is engaged (compare Fig. 2 A and B) . In the trans-phosphorylating kinases structure, three hydrogen bonds are made between the backbone atoms of L770 (Pϩ1) and the side chain of D771 (Pϩ2) of the substrate-acting kinase and the backbone atoms of the A-loop of the enzyme-acting kinase (Fig. 2 A) . In addition, L770 (Pϩ1) and L772 (Pϩ3) engage a shallow hydrophobic depression in the enzyme-acting kinase composed of residues from the A-loop, and the ␣G and ␣EF helices (Fig. 2C) .
The most striking feature of our trans-phosphorylating kinases structure is that it also implicates the N-terminal lobe of the enzyme in conferring specificity during trans-phosphorylation. At the heart of the interface between the substrate-acting kinase and the N-lobe of the enzyme-acting kinase, the aromatic ring of F600 of the substrate-acting kinase packs perpendicularly against the aromatic ring of F492 in the ␤1-␤2 loop of the enzyme-acting kinase (Figs.  1D and 2D ). This type of perpendicular aromatic-aromatic inter- Enzyme-acting kinase in the "trans-phosphorylation kinases" structure (3CLY) Substrare-acting kinase in the "trans-phosphorylation kinases" structure (3CLY) "Kinase-peptide" structure (2PVF) action is energetically favorable and has been observed in many protein-protein interfaces (16) . Several hydrogen bonds fortify this interface as well. The carbonyl oxygens in the ␤1-␤2 loop of the enzyme-acting kinase make hydrogen bonds with the backbone nitrogens of N730 and E731 and the side chain of N730 at the positive pole of the ␣H helix dipole from the substrate-acting kinase (Fig. 2D) . Moreover, the side chain of K724 from the substrateacting kinase makes a hydrogen bond with the backbone carbonyl oxygen of F492 in the ␤1-␤2 loop of the enzyme-acting kinase (Fig.  2D) . As a consequence of these extensive contacts, the nucleotide binding ␤1-␤2 loop is well-ordered and deviates from that of the kinase-peptide structure, which has high temperature factors (Fig.  S1C) . Taken together, the trans-phosphorylating kinases structure reveals that the trans-phosphorylation on Y769 proceeds with an exceptional degree of specificity, and that the kinase-peptide structure provides a partial picture of trans-phosphorylation process on Y769.
Analysis of Structure-Based Mutations Support the Physiological
Relevance of the Mode of Transphosphorylation on Y769. To test the functional relevance of the specific contacts between the substrateand enzyme-acting kinases in our trans-phosphorylating kinases structure, we individually substituted F600, N730, N766, E767, L770, D771, and L772 with alanine in the kinase-dead (K517M) version of FGFR2K 458-778 protein (referred to as the "WT kinase substrate" and "mutant kinase substrates" hereafter) rather than in the wild type version. These WT and mutant kinase substrates were then allowed to be trans-phosphorylated by a wild type kinase lacking Y769 (FGFR2K 458-768 ). We chose this experimental design for two reasons: (i) to exclude the influence of the mutations on the kinase activity (Fig. S3A ) and (ii) to rule out the contribution of the enzyme-acting kinase to the Y769 phosphorylation. The status of phosphorylation on Y769 in the WT and mutant kinase substrates as a function of time was monitored by matrix-assisted laser desorption/ionization quadrupole-time of flight mass spectrometry (MALDI Q-TOF MS). Trans-phosphorylation of Y769 in F600A, N730A, N766A, E767A, L770A, D771A, and L772A mutant kinase substrates was reduced relative to the parent WT kinase substrate, supporting the functional relevance of the observed specific contacts in the trans-phosphorylating kinases structure (Fig. 3) . To test whether the observed contacts between the enzyme-and substrateacting kinases are specific for trans-phosphorylation on Y769, we also studied the impact of some of the interface mutations on the phosphorylation of the A-loop and kinase insert tyrosines ( Fig. 3 B and C and Fig. S3B ). As shown in Fig. 3 B and C and Fig. S3B , the E767A mutation slows down Y769 trans-phosphorylation but has little effect on the phosphorylation of the A-loop or kinase insert tyrosines indicating that the observed mode of trans-phosphorylation in the crystal is specific for Y769. The physiological significance of the mechanism of transphosphorylation on Y769 revealed by our trans-phosphorylating kinases structure is also corroborated by a double pathogenic mutation (Q764H/D768Y) in the FGFR1 gene in a patient with isolated GnRH deficiency (idiopathic hypogonadotropic hypogonadism, IHH) (N.P., unpublished data). Approximately 10% of the Kallmann syndrome (IHH with anosmia) patients harbor FGFR1c mutations and structural and functional analysis of Ͼ15 of these mutations has documented that they impair FGFR1 function and signaling (17) (18) (19) . Based on our structural data, the double mutation should affect trans-phosphorylation on Y766, which corresponds to Y769 of FGFR2, thus manifesting in reduced recruitment and phosphorylation of PLC␥ by FGFR1.
The enzyme-substrate interface mediating the trans-phosphorylation of Y769 in FGFR2 is not fully conserved among the other three human FGFRs. Nevertheless, we propose that overall structural model for trans-phosphorylation of Y769 will be applicable to the other three FGFRs but the details/extent of interactions may well be different. We propose that the sequence divergence among FGFRKs is probably responsible for the differences that exist in the speed/efficiency of phosphorylation of the equivalent C-terminal phosphorylation sites among these 4 FGFRs. This hypothesis is currently being investigated in our laboratory.
Order of Transphosphorylation Reactions.
A comparison of the primary sequences surrounding the different phosphorylation sites of FGFR2 kinase shows little sequence similarity, implying the existence of mechanistic differences in the trans-phosphorylation of different sites. These sequence differences may also be responsible for different efficacies at which these different sites are phosphorylated, and thus dictate the order of trans-phosphorylation events. Interestingly, modeling studies based on the trans-phosphorylating kinases structure predicts fewer enzyme-substrate contacts during trans-phosphorylation of kinase insert tyrosines, Y586 and Y588, and the juxtamembrane site, Y466 (data not shown). This implies that trans-phosphorylation on Y769 is preferred over other transphosphorylation reactions suggesting that it may kinetically precede other phosphorylation reactions. To test this hypothesis we allowed wild-type kinase (FGFR2K ) to trans-phosphorylate itself in the presence of ATP and MgCl 2 over time, and monitored the phosphorylation status of each phosphorylation site as a function of time by matrix-assisted laser desorption/ionization time of flight mass spectrometry (MALDI-TOF MS). This analysis shows that Y769 is phosphorylated much faster than the kinase insert sites and the juxtamembrane phosphorylation sites (Fig. 4) . After only 1 min, phosphorylation of Y769 is nearly complete whereas at this time only 20% of the A-loop peptide is singly phosphorylated. Hence, only a catalytic amount of mandatory A-loop phosphorylation is sufficient to initiate and complete the phosphorylation of Y769, which reaffirms the structural finding that Y769 is a highly preferred site (Fig. 4 A and B) . It is noteworthy that the A-loop tyrosine in Eph RTKs is also a suboptimal phosphorylation site compared with juxtamembrane sites (13) . Our data differ from the data on sequential phosphorylation of the FGFR1 kinase showing that phosphorylation on the A-loop Y653 is completed before the kinase insert and juxtamembrane sites are phosphorylated (20) . This discrepancy could be because the FGFR1 kinase domain used by Furdui et al. lacks the C-terminal Y766, the equivalent of Y769 in FGFR2.
Conclusion
Tyrosine trans-phosphorylation is an ordered event that is initiated by phosphorylation on the A-loop tyrosines and is pursued by trans-phosphorylation on tyrosines in the C-tail, juxtamembrane region and kinase insert. A-loop phosphorylation up-regulates the kinase activity of the receptor, whereas the latter phosphorylations create platforms for signaling molecules to facilitate their phosphorylation. In this report, we provided the molecular basis for the trans-phosphorylation reaction of Y769, which upon phosphorylation serves as a docking site for the SH2 domains of PLC␥-1, a key mediator of FGFR signaling. Our data reveal that during transphosphorylation, kinases engage each other through elaborate and extensive interactions involving regions outside of the immediate vicinity of the tyrosine phosphorylation sites and the active site resulting in an exceptional level of specificity. Additional crystal structures of kinases captured in autophosphorylation reactions should further enrich our understanding of the order of receptor trans-phosphorylation and signaling events down stream of RTKs.
A structure-based sequence alignment of RTKs reveals that besides FGFRs, many other RTKs possess autophosphorylation sites that are similarly positioned relative to the ␣I helix as Y769 in FGFR2 (Fig. S4) (21-25) . However, many of the FGFR2 residues that mediate the enzyme-substrate interface in our structure are not conserved in these other RTKs. Nevertheless, we propose that the overall structural mode of enzyme-substrate engagement, particularly the ␣I-␣G dipole-dipole contacts, is probably applicable to trans-phosphorylation of these equivalent sites in other RTKs, even though the details of the respective enzyme-substrate interfaces will be different.
An asymmetric dimer of EGF receptor (EGFR) kinase was recently shown to play a role in the initial activation of the receptor by homodimerization (26) . The asymmetric arrangement of enzyme-and substrate-acting kinases during Y769 trans-phosphorylation is, however, very different from the one observed between the kinase monomers in the asymmetric EGFR kinase dimer (PDB entry 2GS2) (Fig. S5) . The asymmetric EGFR dimer reveals a mechanism by which EGFRK is activated by homodimerization, an event that precedes tyrosine trans-phosphorylation. The asymmetric FGFR2K enzyme-acting kinase:substrate-acting kinase dimer in our study purely depicts an enzyme-substrate relationship between already activated FGFR2 kinases, and as such gives insights into how trans-phosphorylation can occur once kinases are activated through A-loop phosphorylation. However, it is formally possible that FGFR kinases are also initially activated by forming asymmetric dimers as seen for the EGFR kinases.
Experimental Procedures
Protein Expression, Purification, and Crystallization. The wild type kinases (FGFR2K 458 -778 and FGFR2K 458 -768 ), and the 7 kinase ''dead'' versions of 458 -778 (K517M, F600A/K517M, N730A/K517M, N766A/K517M, E767A/ K517M, L770A/K517M, D771A/K517M, L772A/K517M) were expressed in E. coli with an N-terminal 6XHis-tag to aid in protein purification. The kinases were purified using sequential Ni 2ϩ -chelating, anion exchange and size exclusion chromatography. The purity of the proteins was estimated to be Ͼ98% based on SDS/PAGE analysis. The purified wild type FGFR2K 458 -778 kinase was then mixed with ATP and MgCl2 and the completion of tyrosine autophosphorylation was monitored by native PAGE analysis. Phosphorylated kinase was then separated from excess of ATP on a size-exclusion column, followed by anion exchange chromatography to yield a kinase that was homogenously phosphorylated on both A-loop tyrosines, Y656 and Y657, and on the C-terminal Y769 (confirmed by sequencing the phosphopeptides, using MALDI Q-TOF MS. Tyrosine phosphorylated FGFR2K 458 -778 kinase protein was concentrated to ϳ30 mg/ml using a Centricon-10. Before crystallization, the protein was mixed with peptide substrate, ATP-analogue (AMP-PCP) and MgCl2 at a molar ratio of 1:1:3:15. The peptide substrate comprises residues 764 to 778, and contains the major tyrosine phosphorylation site which upon phosphorylation serves as the recruitment site for the SH2 domain(s) of PLC␥-1 (27) . Crystals were grown by hanging drop vapor diffusion at 20°C using crystallization buffer composed of 0.1 M Hepes (pH 7.5), 26% PEG 4000 and 0.2 M ammonium sulfate. After the completion of data collection, the crystal was subjected to SDS/PAGE and analyzed by MS, which showed that Y769 was not phosphorylated, consistent with the crystal structure.
Data Collection and Structure Determination. Diffraction data were collected on a single cryocooled crystal at beamline X-4A at the National Synchrotron Light Source, Brookhaven National Laboratory. The crystal was stabilized in mother liquor by stepwise increasing the glycerol concentration to 20%, and then flashfrozen in dry nitrogen stream. All diffraction data were processed using HKL2000 Suite (28) . Molecular replacement solution was found using the related phosphorylated wild type FGFR2K structure in complex with peptide substrate (PDB entry 2PVF) as the search model using the program AMoRe (29) . Rigid-body refinements were performed using CNS (30) by treating the N-lobe and C-lobe of the kinases as two separate entities. Model building was carried out using O (31) and iterative positional and B-factor refinements were done using CNS (30) . The refined structure displays good geometry and Ramachandran statistics. Data collection and structure refinement statistics are listed in Table S1 . Atomic superimpositions and calculations of lobe rotations were performed using program lsqkab (32) in CCP4 Suite (33) and structural representations were prepared using PyMol (34) . Shape complementarity was calculated using program sc in CCP4 Suite (33) and hydrophobic/polar fraction was calculated using CNS (30) .
Analysis of the Time Course of Trans-phosphorylation on Y769 by Mass Spectrometry. Trans-phosphorylation on Y769 was started by adding a mixture of the WT or mutant kinase substrate (K517M, F600A/K517M, N730A/K517M, N766A/ K517M, E767A/K517M, L770A/K517M, D771A/K517M, or L772A/K517M), ATP and MgCl 2 to the active kinase (FGFR2K 458 -768 ) in equal volumes at room temperature. The reaction concentrations for the active enzyme, kinase substrate, ATP, and MgCl2 were 1 mg/ml, 10 mg/ml, 10 mM, and 20 mM, respectively. The reactions were quenched at different time points by adding an equal volume of 100 mM EDTA (final concentration 33.33 mM) to the reaction mix. After SDS/ PAGE and Coomassie-Blue staining, gel bands corresponding to the WT or mutant kinase substrate were excised and digested with trypsin according to a published protocol (35) . Approximately 1/8 of the protein digests were analyzed by positive ion MALDI Q-TOF MS (MALDI Q-TOF Ultima, Waters-Micromass). 50 mg/ml 2,5-Dihydroxybenzoic acid (DHB) in 0.1% trifluoroacetic acid (TFA) and 50% Acetonitrile was used as MALDI matrix. A total of 1.0 L of protein digests in 0.1% TFA were mixed with equal volume of matrix solution and dried in air. For each sample, ion signals from 310 laser shots were combined into one mass spectrum. After spectrum smoothing and background subtraction, the ion counts from the phosphopeptide and its unphosphorylated version were used to estimate the ratio of phosphorylation on tyrosines at different time points.
Analysis of the order of tyrosine autophosphorylation by Mass Spectrometry. Autophosphorylation reaction was initiated by adding equal volumes of the kinase (FGFR2K 458 -778 ) to a mixture of ATP and MgCl2 at room temperature. The reaction concentrations for the enzyme, ATP and MgCl2 were 5 mg/ml, 25 mM and 50 mM, respectively. Preparation of the samples and MALDI-TOF MS (Tof Spec 2E, Waters-Micromass) analysis were carried out as above.
Kinase Assays. A continuous spectrophotometric assay (36) was used to measure the kinase activity of wild type and mutant FGFR2Ks. The FGFR2K autophosphorylation assays were carried out at 30°C using 1 M enzyme and 1 mM ATP with 100 mM Tris⅐HCl (pH 7.5), 10 mM MgCl2, 1 mM phosphoenolpyruvate, 0.28 mM NADH, 89 units/ml pyruvate kinase, 124 units/ml lactate dehydrogenase, in a total volume of 50 L. Data were recorded every 6 s. The kinetic parameters were determined by fitting initial rate data to the Michaelis-Menten equation.
